The planting of Pinus elliottii Engelm. has now reached close to three million ha in China. Molecular breeding as part of the improvement program for P. elliottii in southern China has been carried out in recent years. Third-generation sequencing (Pacbio sequencing technology, TGS) was used to obtain the exome of P. elliottii for molecular breeding. A total of 35.8 Gb clean reads were generated using TGS. After removing the redundant reads, we obtained 80,339 high-accuracy transcripts. Significantly, a total of 76,411 transcripts (95.1%) were blasted to public annotation databases. We predicted 65,062 intact coding sequences (CDSs), 8916 alternative splicing events, 1937 long non-coding RNAs, and 22,109 simple sequence repeats (SSRs) based on these obtained transcripts. Using the public databases and the data obtained above, 23 orthologous single-copy genes were identified to analyze the phylogenetic relationships for Pinus firstly including P. elliottii. Many positive selection genes involved in important biological processes and metabolism pathways were identified between P. elliottii and other pines. These positive selection genes could be candidate genes to be researched on the genetic basis of superior performance. Our study is the first to reveal the full-length and well-annotated transcripts of P. elliottii, which could provide reference for short transcriptome sequences in the research of genetics, phylogenetics, and genetic improvement for the non-reference genome species.
Introduction
Slash pine (Pinus elliottii Engelm.) is a pine species of primary importance that is planted in industrial plantations of timber forests around the world. This species provides important resources for people, such as timber, resins, and paper [1, 2] . Early on, slash pine was found to be an excellent species for resin-tapping and pulping in southern China, and the planting of this conifer species has now attained close to three million ha. A large-scale genetic improvement program for slash pine was implemented to produce fast-growing trees with high resin content to address the shortage of timber and resin production over the last three decades [3] . Molecular breeding, as a part of this improvement program, has been carried out in recent years. It is also very important for tree molecular breeders to understand the genetic basis of key biological processes, complex phenotype trait variation, and biological evolution.
Genome-wide analyses of pines are still a big challenge, although few important conifers species with large genome have been sequenced [4] [5] [6] [7] . Pines contain numerous repetition and pseudogenes
PacBio Long-Read Sequencing, Raw Data Processing and Differential Expression Analysis
The total RNAs of the five different tissues from an adult P. elliottii were pooled equally for long-read sequencing. PacBio long-read sequencing (from Pacific Biosciences, enabled using single molecule, real-time (SMRT) sequencing technology) was used to sequence the RNA long reads. The library was prepared according to the isoform sequencing (Iso-Seq) protocol, as described by Pacific Biosciences. The quality of the libraries was assessed using the Qubit 2.0. Fluorometer and the Agilent 2100 Bioanalyzer. Two SMRT cells were sequenced on the PacBio RS II using Biomarker Tech (Beijing China). Raw reads were processed into error corrected reads of insert (ROIs) using the Iso-Seq pipeline with FullPass > 0 and Predicted Accuracy > 0.80, following the PacBio Iso-Seq TM tutorial's recommendation. Next, full-length, non-chimeric (FLNC) transcripts were determined by searching for the poly(A)+ tail signal and the 5 and 3 cDNA primers in ROIs. Iterative clustering for error correction (ICE) was used to obtain consensus isoforms, and FL consensus sequences from ICE were polished using Quiver. High quality FL transcripts were classified with the criteria that post-correction accuracy was above 99%. The short reads of the xylem RNA of 11 adult Pinus elliottii individuals, sequenced using the second-generation sequencing technology, were used to adjust the low-quality full-length transcripts obtained using third-generation sequencing. The redundant ROIs of high quality and adjusted Iso-Seq FL transcripts were removed using Cd-hit (identity > 0.99) [15] .
Gene expression levels were estimated by fragments per kilobase of transcript per million fragments mapped. Differential expression (DE) analysis of two samples was performed using the EBSeq package in R version 3.6.1. The resulting FDRs (false discovery rates) were adjusted using the PPDE (posterior probability of being differentially expression). The FDR < 0.01 and |log 2 (foldchange)| > 1 was set as the threshold for significantly differential expression [16] .
lncRNA, SSR, CDS and Alternative Splice Identifications from the PacBio Sequencing
Transcripts with lengths of more than 200 nucleotides and more than two exons were selected as lncRNA candidates. Four computational approaches, including Coding Potential Calculator (CPC), Coding-Non-Coding Index (CNCI), Coding Potential Assessment Tool (CPAT), and hmmscan algorithm against Pfam database, were combined to sort the non-protein coding RNA from putative protein-coding RNAs in the transcripts. SSRs of the full-length transcriptome of slash pine were identified using the microsatellite identification tool (MISA version 1.0; http://pgrc.ipk-gatersleben.de/misa/) [17] . The candidate coding regions within the transcript sequence were identified using the TransDecoder version 3.0.0 (https://github.com/TransDecoder/TransDecoder/releases). All non-redundancy transcripts were aligned to each other by running all-vs-all BLAST [16] with high identity settings. BLAST alignments that met all following criteria were considered to be the products of candidate AS events: there were two high-scoring segment pairs (HSPs) in the alignment [18] ; two HSPs had the same forward/reverse direction within the same alignment; one sequence is continuous or had a small "overlap" size (smaller than 5 bp); the other sequence was distinct to show an "AS Gap", and the continuous sequence should be more-or-less completely aligned to the distinct sequence; further, the AS Gap should larger than 100 bp and at least 100 bp away from the 3 /5 end.
Functional Annotation of PacBio Isoforms
After removing redundant reads, a total of 80,339 transcripts were blasted to public databases including COG (Clusters of Orthologous Groups) [19] , GO (Gene Ontology) [20] , KEGG (Kyoto Encyclopedia of Genes and Genomes) [21] , KOG (euKaryotic Ortholog Groups) [22] , Pfam (Protein family) [23] , Swissprot [24] , EggNOG (Evolutionary genealogy of genes: Non-supervised Orthologous Groups) [25] , and NR (NCBI nonredundant protein sequences) database using the BLAST software (version 2.2.26) [26] .
2.6. Phylogenetic Analysis of the Genus Pinus P. elliottii and 10 pines-Whitebark Pine (Pinus albicaulis), Maritime pine (Pinus pinaster), Western White Pine (Pinus monticola), Masson's pine (Pinus massoniana), Limber Pine (Pinus flexilis), Lodgepole Pine (Pinus contorta), Canary Island pine (Pinus canariensis), Jack Pine (Pinus banksiana), loblolly Pine (Pinus taeda), and Patula Pine (Pinus patula)-were sampled for the Pinus phylogenetic analysis, considering white spruce (Picea glauca) as the outgroup. The full-length transcriptome data of P. elliottii were deposited in the National Center for Biotechnology Information (NCBI, https://www. ncbi.nlm.nih.gov/). The genome assembly and general feature format of P. taeda (version v1.01) were downloaded from NCBI previously to obtain the genes of P. taeda. The unigenes/genes of the other conifer species were obtained from NCBI and PlantGDB-Resources for Plant Comparative Genomics (http://www.plantgdb.org) ( Table 2 ). The orthologous gene groups were identified using OrthoMCL version 2.0.9 with default settings (e-value 1 × 10 −5 , protein identity 50%, and an MCL inflation of 1.5). The shared orthologous single-copy genes of 12 conifer species were aligned using Muscle [27] . The alignment result was used to analyze the phylogenetic relationships using the neighbor-joining method [28] with bootstrap 1000 times [29] , taking Picea glauca as an outgroup to root the trees. The evolutionary analyses were conducted in MEGA7 [30] . The Ks distribution for the pairwise orthologous genes between the slash pine and 11 other conifer species were drawn using the R version 3.3.2 software (R Foundation for Statistical Computing, Vienna, Austria). The numbers of the synonymous or nonsynonymous substitutions (Ks or Ka) per site were estimated using the PAML software [31] . The positive genes are listed based on the criterion Ka/Ks > 1.
Data Availability Statement
The datasets for this study can be found in the NCBI. The link for the second sequencing of the raw data is: https://dataview.ncbi.nlm.nih.gov/object/PRJNA552414?reviewer= rktf4k8h7gmdnurk0ljb0r1h0l
The link for the third sequencing of the raw data is: https://dataview.ncbi.nlm.nih.gov/object/ PRJNA552681?reviewer=c03nsouahaascmt86hfru988av
Results

Third-Generation Sequencing of the Full-Length Transcriptome and the Second-Generation Sequencing
To obtain as many transcript isoforms as possible, the total RNA from five tissues of slash pine were pooled. A total of 1-6 K unfragmented cDNA libraries were synthesized, and single-molecular long-read sequencing was performed using PacBio sequencing. We obtained 35.8 Gb of clean data using two cells. After excluding short reads (<300 bp in length), we generated 1,058,173 reads of insert (ROIs), with a mean length of 2264, a quality of 0.94, and pass of 13. Here, 704,299 ROIs are full-length non-chimeric (FLNC) reads occupying 66.6% (Figure 1 ) of the total with an average length of 2230 bp. Based on the clustering algorithm of the IEC (iterative clustering for error correction), we extracted 286,685 consensus isoform sequences from 704,299 FLNC reads, which were divided into Forests 2019, 10, 942 5 of 21 two formats: high-accuracy transcripts and lower-accuracy transcripts. The lower-accuracy transcripts were adjusted by the short xylem transcripts sequenced using SGS technologies. Ultimately, 80,339 high-quality transcripts were obtained after the redundancy of high-accuracy sequences and the adjusted transcripts were eliminated by Cd-hit [15] . two formats: high-accuracy transcripts and lower-accuracy transcripts. The lower-accuracy transcripts were adjusted by the short xylem transcripts sequenced using SGS technologies. Ultimately, 80,339 high-quality transcripts were obtained after the redundancy of high-accuracy sequences and the adjusted transcripts were eliminated by Cd-hit [15] . The RNAs from xylem of another 11 adult P. elliottii with DBH ranging from 15.8 cm to 32.5 cm were sequenced using the Illumina NovaSeq 6000 platform (SGS). Clean data of 115.95 G with an average length of 299.2 bp for each clean read was generated. Then the reads were mapped to the adjusted, high quality and full-length TGS transcripts. A high percentage of reads, in the range of 76.66%-82.08%, were mapped to the full-length TGS transcripts. The mapping output was processed for differential gene expression analysis between any two samples within the 11 individuals. The analysis showed reasonable results on explaining the growth differences between the 11 trees. One of the analyses between the two individuals numbered S05 and S11 respectively with the smallest and largest DBH is shown in Appendix A, Figure A1 
Functional Annotation of the Transcriptome
Annotating the high-quality isoforms by aligning the full-length transcriptome to the NCBI nonredundant (NR) protein database resulted in 76,173 out of 80,339 isoforms (94.81%) being homologous to known proteins in different species, including gymnosperm (~45.5%, Picea sitchensis, Pinus taeda), angiosperm (~28.68%, Amborella trichopoda, Nelumbo nucifera, Vitis vinifera, Elaeis guineensis, Phoenix dactylifera, Musa acuminate), bryophytes (~2.16%, Physomitrella patens), pteridophyte (~1.59%, Selaginella moellendorffii), and others (~22.05%) ( Figure 2 ). The high-quality isoforms were also blasted to other public databases, including COG [19] , GO [20] , KEGG [21] , KOG [22] , Pfam [23] , Swissprot [24] , EggNOG [25] , and NR databases. The number of annotated genes in each database is listed in Table 1 . A total of 76,411 isoforms (95.11%) were blasted to these annotated databases (Appendix B, Figure A5 The RNAs from xylem of another 11 adult P. elliottii with DBH ranging from 15.8 cm to 32.5 cm were sequenced using the Illumina NovaSeq 6000 platform (SGS). Clean data of 115.95 G with an average length of 299.2 bp for each clean read was generated. Then the reads were mapped to the adjusted, high quality and full-length TGS transcripts. A high percentage of reads, in the range of 76.66%-82.08%, were mapped to the full-length TGS transcripts. The mapping output was processed for differential gene expression analysis between any two samples within the 11 individuals. The analysis showed reasonable results on explaining the growth differences between the 11 trees. One of the analyses between the two individuals numbered S05 and S11 respectively with the smallest and largest DBH is shown in Appendix A, Figures A1-A4.
Annotating the high-quality isoforms by aligning the full-length transcriptome to the NCBI non-redundant (NR) protein database resulted in 76,173 out of 80,339 isoforms (94.81%) being homologous to known proteins in different species, including gymnosperm (~45.5%, Picea sitchensis, Pinus taeda), angiosperm (~28.68%, Amborella trichopoda, Nelumbo nucifera, Vitis vinifera, Elaeis guineensis, Phoenix dactylifera, Musa acuminate), bryophytes (~2.16%, Physomitrella patens), pteridophyte (~1.59%, Selaginella moellendorffii), and others (~22.05%) ( Figure 2 ). The high-quality isoforms were also blasted to other public databases, including COG [19] , GO [20] , KEGG [21] , KOG [22] , Pfam [23] , Swissprot [24] , EggNOG [25] , and NR databases. The number of annotated genes in each database is listed in 
lncRNA, SSR, CDS, and Alternative Splice Identification
lncRNAs are transcripts longer than 200 nucleotides that are not translated into protein. lncRNAs play an important role in regulating the expression of neighboring protein-coding genes [32] . lncRNAs were predicted by screening the potentially encoded transcripts predicted using CPC, CNCI, CPAT, and hmmscan algorithm against Pfam database. A total of 1937 common non-coding sequences were predicted using these four methods ( Figure 3A ). [19] , GO (Gene Ontology) [20] , KEGG (Kyoto Encyclopedia of Genes and Genomes) [21] , KOG (euKaryotic Ortholog Groups) [22] , Pfam (Protein family) [23] , Swissprot [24] , EggNOG (Evolutionary genealogy of genes: Non-supervised Orthologous Groups) [25] , and NR (NCBI nonredundant protein sequences) databases. 3.3. lncRNA, SSR, CDS, and Alternative Splice Identification lncRNAs are transcripts longer than 200 nucleotides that are not translated into protein. lncRNAs play an important role in regulating the expression of neighboring protein-coding genes [32] . lncRNAs were predicted by screening the potentially encoded transcripts predicted using CPC, CNCI, CPAT, and hmmscan algorithm against Pfam database. A total of 1937 common non-coding sequences were predicted using these four methods ( Figure 3A) .
Isoform
A total of 65,062 intact CDSs were identified by TransDecoder. The length distribution of the amino acids translated using CDS are shown in Figure 3C . The length of the amino acids is predominantly in the range of 0-3000. The number of proteins decrease as the length of the protein increases, ignoring 0-100 and >3000 ( Figure 3C ). SSR, also known as a microsatellite, is a DNA tract consisting of short, tandemly repeated nucleotide motifs. In this study, 79,492 transcripts >500 bp were selected for SSR analysis using the microsatellite identification tool (MISA; http://pgrc.ipk-gatersleben.de/misa/) [17] . A total of 22,109 SSRs were identified, including mono-nucleotide, di-nucleotide, tri-nucleotide, tetra-nucleotide, penta-nucleotide, and hexa-nucleotide SSRs ( Figure 3B ). The number of mono-nucleotide SSRs (75.09%) is the greatest, followed by tri-nucleotide (14.93%) and di-nucleotide SSRs (8.69%). The number of penta-nucleotide SSRs was the lowest (0.08%).
AS is an important biological phenomenon that contributes to the production of different mature transcripts from the same primary RNA sequence [33] . AS is a major source of proteome diversity and thus is highly relevant to biological functions. In this study, we predicted 8916 AS events for the non-redundancy transcripts without reference to genomic information, occupying 11.10% of the total. A total of 65,062 intact CDSs were identified by TransDecoder. The length distribution of the amino acids translated using CDS are shown in Figure 3C . The length of the amino acids is predominantly in the range of 0-3000. The number of proteins decrease as the length of the protein increases, ignoring 0-100 and >3000 ( Figure 3C ). SSR, also known as a microsatellite, is a DNA tract consisting of short, tandemly repeated nucleotide motifs. In this study, 79,492 transcripts >500 bp were selected for SSR analysis using the microsatellite identification tool (MISA; http://pgrc.ipk-gatersleben.de/misa/) [17] . A total of 22,109 SSRs were identified, including mono-nucleotide, di-nucleotide, tri-nucleotide, tetra-nucleotide, penta-nucleotide, and hexa-nucleotide SSRs ( Figure 3B ). The number of mono-nucleotide SSRs (75.09%) is the greatest, followed by tri-nucleotide (14.93%) and di-nucleotide SSRs (8.69%). The number of penta-nucleotide SSRs was the lowest (0.08%). 
Phylogenetic Analysis of the Genus Pinus
The unigenes/genes of 10 pines and Picea glauca were obtained from public databases ( Table 2) . The unigenes/genes number of pines ranges from 13,040 (P. banksiana) to 194,821 (P. massoniana). The average length of the full-length transcripts detected in this study was about 2367 in P. elliottii. In other pines, the minimum mean length of the unigenes/genes was 547 bp (P. massoniana) and the maximum was 1368 bp (P. patula) ( Table 2 ). In pines, the maximum number of orthologous gene pairs was 5907, compared to P. massoniana, and the minimum was 2245, compared to P. flexilis ( Table 3 ). The orthologous gene pairs of the single-copy were identified between P. elliottii and 11 other conifers using OrthoMCL. Twenty-three single-copy orthologous genes were shared in all conifer species. The 23 orthologous gene groups were used to analyze the phylogenetic relationships of 11 pines, using Picea glauca as the outgroup. Based on the multiple alignment results of 23 orthologous gene groups, a phylogenetic tree was drawn using the neighbor-joining method (Figure 4) . Each node is supported by greater than 90% bootstrap values, except for one node with 76% bootstrap values. In total, 11 pine species were divided into two clades. Clade I includes two subclades: subclade I contains P. banksiana, P. elliottii, P. contorta, P. patula, and P. taeda; subclade II contains P. massoniana P. canariensis, and P. pinaster. Clade II includes P. flexilis, P. monticola, and P. albicaulis. Consistent with the previous study [34] , the species grouped in clade I are in the subgenus Pinus, and subclades I and II correspond to the Trifoliae and Pinus sections, respectively. The species grouped in clade II are in the Quinquefoliae section of the subgenus Strobus. However, contrary to the previous classification, the Pinus taeda belonging to subsection Australes is separate from the pines in subsection Australes (P. elliottii, P. patula) and Contortae (P. banksiana and P. contorta).
the previous study [34] , the species grouped in clade I are in the subgenus Pinus, and subclades I and II correspond to the Trifoliae and Pinus sections, respectively. The species grouped in clade II are in the Quinquefoliae section of the subgenus Strobus. However, contrary to the previous classification, the Pinus taeda belonging to subsection Australes is separate from the pines in subsection Australes (P. elliottii, P. patula) and Contortae (P. banksiana and P. contorta). 
Functional Genes under a Positive Selection of P. elliottii
The ratio of the number of nonsynonymous substitutions per nonsynonymous site (Ka) to the number of synonymous substitutions per synonymous site (Ks) reflects the evolutionary patterns of the species [35] . Ka/Ks > 1 indicates that the gene has been involved in positive selection during evolution. The pairwise Ks values between P. elliottii and 11 other conifer species performed normal distribution ( Figure 5 ). The results reveal the Ks peak values grouped as the clade and subclade of the phylogenetic tree, showing that the more distant the relationship, the greater the Ks peak values. The minimum and maximum Ks peaks were detected in P. patula and Picea glauca (minimum < 0.01 and maximum = 0.15), respectively ( Figure 5 , Table 3 ). 
The ratio of the number of nonsynonymous substitutions per nonsynonymous site (Ka) to the number of synonymous substitutions per synonymous site (Ks) reflects the evolutionary patterns of the species [35] . Ka/Ks > 1 indicates that the gene has been involved in positive selection during evolution. The pairwise Ks values between P. elliottii and 11 other conifer species performed normal distribution ( Figure 5 ). The results reveal the Ks peak values grouped as the clade and subclade of the phylogenetic tree, showing that the more distant the relationship, the greater the Ks peak values. The minimum and maximum Ks peaks were detected in P. patula and Picea glauca (minimum < 0.01 and maximum = 0.15), respectively ( Figure 5 , Table 3 ). We identified the positive selection genes between P. elliottii and other 11 conifer species. There were 58-108 orthologous genes under positive selection between P. elliottii and pines in subgenus Strobus. There were 187-402 orthologous genes under positive selection between P. elliottii and pines in subgenus Pinus ( Table 3 ). The ratios of positive selection gene numbers to ortholog numbers are the largest between P. taeda and P. elliottii. These positive selection genes were annotated from the public databases. Some positive selection genes were annotated to relate them to various important biological functions ( Table 4 ). The positive selection genes were annotated into 88 KEGG pathways ( Figure 6 ). Sixty-two of them were only annotated on the positive selection genes between P. elliottii and the pines in subgenus Pinus. Based on the other functional annotation, some positive selection genes were identified to be related to important biological processes, including a response to plant We identified the positive selection genes between P. elliottii and other 11 conifer species. There were 58-108 orthologous genes under positive selection between P. elliottii and pines in subgenus Strobus. There were 187-402 orthologous genes under positive selection between P. elliottii and pines in subgenus Pinus (Table 3 ). The ratios of positive selection gene numbers to ortholog numbers are the largest between P. taeda and P. elliottii. These positive selection genes were annotated from the public databases. Some positive selection genes were annotated to relate them to various important biological functions ( Table 4 ). The positive selection genes were annotated into 88 KEGG pathways ( Figure 6 ). Sixty-two of them were only annotated on the positive selection genes between P. elliottii and the pines in subgenus Pinus. Based on the other functional annotation, some positive selection genes were identified to be related to important biological processes, including a response to plant hormones, meristem activity, defense against biological and abiotic factors, and response to light (Table 4 ). 
Discussion
The lack of reference genome of P. elliottii has impeded the application of molecular biotechnology on genotype selection and breeding and the research of basic genetics for this species and other related species. The published pine species genomes [9] [10] [11] provide important genetic information for Pinus genetic study. However, interspecific divergences make it difficult to reference these published genomes. Only 1.73% of the annotating the high-quality isoforms in this research (Figure 2) were homologous to Pinus taeda, which showed that the published Pinus taeda genome is not the good choice as P. elliottii reference. Resin tapping transcriptome generated using SGS in adult slash pine was just published [14] , which provided hundreds of candidate genes for genetic study for the first time. However, the sequences are not suited for reference at exome level because the sequences using SGS mostly are random, short sequences and not full-length transcriptomes. The mean length of 80,339 high-accuracy transcripts generated using TGS in this research reached 2366.99 bp and the 1,058,173 reads (excluded <300 bp in length) reached 2264 bp, while the average length of unigenes using SGS in the other conifers is from 547.26bp to 1368.09bp ( Table 2 ). The mean length of the first published slash pine resin tapping transcriptome generated using SGS is about several hundreds of bp [14] . There are 15,653 high-confidence transcripts covering >30 Mbp of the genome in P. taeda with an average coding sequence length of 1295 bp [10] . The compared results showed that PacBio SMRT, the newest available technology (TGS), can generate full-length transcriptomes of P. elliottii and could be a reference at exome level [12] . The 80,339 high-accuracy transcripts generated using TGS can be obtained in the NCBI (See Data Availability Statement), which should be very useful to the scientific community.
The plant tissues sampled for RNA preparation should cover different organs and different stages to generate enough expressed sequences as the candidates of reference-level transcriptomes. In this study, the samples for RNA preparation covered different organs with different physiological states and different individuals with the growth variation to the maximum, which increased the quantity of transcripts and cover stage expression transcripts' forms. Here, the SGS technology with high throughput and accuracy advantages were used to adjust the low-quality full-length transcripts considering the disadvantages of TGS with a lower throughput and higher error rate. The redundant ROIs of high quality and adjusted Iso-Seq FL transcripts were removed using Cd-hit (identity > 0.99) [15] . Secondly, the SGS technology generated massive clean data (high-quality reads). The clean reads for the 11 individuals were from 31,881,645 to 37,954,177 with an average length of 299.2 bp. Then the reads were mapped to the adjusted, high quality and full-length TGS transcripts. Here, the TGS transcripts were the first as the exome reference of P. elliottii.
The results of differential gene expression analysis between the 11 open pollinated slash pine individuals gave thousands of upregulated and downregulated transcripts (p < 0.01, |log 2 (FC)| > 1). Figure A1 shows that 5961 upregulated and 7791 downregulated genes between S05 and S11 with the same age in the same field plot were found. Because the two individuals were open pollinated individuals with great genetic and environmental differences, it is difficult to find the relationship between the differentially expressed genes (DEG) and the different traits such as DBH, tree height, density and so on described in traditional breeding [3] . That is the defect to this point in this experiment, while the main aim of the TGS transcripts development was to serve our breeding in the field in the genomic selection using GWAS strategy [36, 37] . More than two hundred individuals have been sequenced using SGS technology, and the target genes and trees could be selected using association analysis between phenotypic traits and DEG based on more samples. The differential gene expression analysis between the 11 individuals provided a good basis for the next research. The second-generation sequencing of the 11 individuals also enabled the development of single-nucleotide polymorphisms (SNPs) and SSR markers used in the genomic selection.
The third-generation sequencing enabled full-length transcripts of CDS, SSR, lncRNAs, and AS forms to be provided. The CDS, SSRs, and other sequences are good resources for marker-assisted selection, genomic selection, or genome-wide association selection in P. elliottii molecular breeding [36, 37] . What is more, full-length, well-annotated, and high-accuracy transcriptomes of P. elliottii were good resources for research of the gene family and cloning of intact CDS sequences. We identified TPS-d-like sequences in P. elliottii full-length transcriptome using a blastp search with previously characterized conifer as query sequences. We are trying to clone the TPS-d family and have successfully obtained three intact CDS sequences based on the identified full-length transcripts, which showed that the full-length transcripts can provide a good database for gene family studies on important growth traits or metabolic processes, which would provide intact sequences, thus avoiding technical complexities.
Full-length transcripts would provide abundant nuclear genetic data for the study of pine evolution. Based on the sequenced data of P. elliottii, phylogenetical analyses comparing the unigenes of 11 pinus species were firstly provided, which showed that P. elliottii and P.patula belong to subsection Australes of section Trifolia, and the new position in the classification appeared for P. tadea. The genus Pinus is divided into subgenera Strobus (Haploxylon, soft pines) and Pinus (Diploxylon, hard pines) [38] . In this study, three pines are from subgenus Strobus and eight pines are from subgenus Pinus. The phylogenetic trees estimated by 23 orthologous genes successfully divided two subgenus pines into two branches, which was supported by the above 100% bootstrap values. Gernandt et al. [34] proposed a pines classification system combining the evidence from chloroplast DNA, nuclear ribosomal DNA, and morphology. Three pines from subgenus Strobus are in the subsection Strobus of section Quinquefoliae. Eight pines from subgenus Pinus originated from two monophyletic groups. In one group, P. massoniana is in the subsection Pinus, and P. canariensis and P. pinaster are in the subsection Pinaster of section Pinus, which is congruent with phylogenies based on 23 orthologous genes. In another group, P.banksina and P.contorta belong to the subsection Contortae, while P.taeda, P. elliottii, and P.patula belong to subsection Australes of section Trifolia. However, in conflict with this classification, the P. taeda outgroup remains with the other four pines based on 23 orthologous genes. This incongruency might be because the functions of the 23 orthologous genes tend to separate the P. taeda from other pines. This incongruency might also be due to the different methods used to obtain gene sequences. In this paper, the genes of P.taeda were obtained from the genome assembly and general feature format of P. taeda (version v1.01). More analysis should be performed using the new genome version. Unfortunately, the new version was not available in the open database.
Positive selection is the main driving force for increasing dominant traits in evolution. In this study, 2245-5907 orthologous gene pairs were identified between P. elliottii and 10 pines. 58-402 genes were under positive selection. These results are very helpful for tree geneticists to find the candidate genes contributing to the superior performance of P. elliottii. The natural range of P. elliottii is small. However, P. elliottii has been widely cultivated in the sub-tropical regions of southern Africa, eastern Australia, and southeast Asia, and both saplings and mature forests of P. elliottii are rarely infected by fungi and bacteria. Our results revealed that some important functional genes were under positive selection to help P. elliottii adapt to various environments. Few genes' responses to biological and abiotic factors were under positive selection, including responses to fungus, responses to bacteria, responses to salt stress, responses to cold, and responses to water deprivation. Another superior performance of the slash pine is its high-speed, early growth. We found genes annotated to plant phytohormones, meristem activity, and responses to light are under positive selection, which might contribute to the slash pine's high-speed and early growth. There were fewer positive selection genes between P. elliottii and subgenus Strobus than between P. elliottii and subgenus Pinus. Partial positive selection genes were annotated into 88 KEGG pathways ( Figure 6 ). Sixty-two KEGG pathways were only annotated by the positive selection genes between P. elliottii and pines in subgenus Pinus. This result indicates that there are more metabolic pathways under positive selection between related species. This might be because the distant species have more synonymous substitutions. Thus, the Ks value is greater, and Ka/Ks is smaller.
Conclusions
This study is the first to reveal the full-length and well-annotated transcripts of P. elliottii via PacBio long-read sequencing technology, which could provide reference for short transcriptome sequences in the research of gene family, phylogenetics, and genetic improvement for the non-reference genome species. The lack of a sequencing with PacBio SMRT was supplemented by applying second-generation sequencing (SGS) technologies. Based on these high-quality isoforms, 65,062 intact CDSs, 8916 AS events, 1937 lncRNA, and 22,109 SSRs were predicted. Based on the sequenced data of P. elliottii, phylogenetical analyses comparing the unigenes of 11 Pinus species were provided. Some pairwise ortholog genes between P. elliottii and other pines were revealed to be under positive selection and are annotated to some important biological processes. The high-accuracy transcripts generated using TGS and clean reads (FASTQ data) using SGS can be obtained in the NCBI, which should be very useful to the scientific community. manuscript. Thanks also go to the Chang Le Forestry farm in Yuhang district of Hangzhou for providing the experimental materials.
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